Abstract. During the last century (1900s) industrialized forms of agriculture and human activities have caused eutrophication of Baltic Sea waters. As a consequence, the hypoxic zone in the Baltic Sea has increased, especially during the last 50 years, and has caused severe ecosystem disturbance. Climate forcing has been proposed to be responsible for the reported trends in hypoxia (<2 mg/l O 2 ) both during the last c. 100 years (since c. 1900 AD) and the Medieval Period. By contrast, investigations of the degree of anthropogenic forcing on the ecosystem on long time-scales (millennial and greater) have not been thoroughly addressed. This paper examines evidence for anthropogenic disturbance of the marine environment beyond the last century through the analysis of the human population growth, technological development and land-use changes in the drainage area. Natural environmental changes, i.e. changes in the morphology and depths of the Baltic basin and the sills, were probably the main driver for large-scale hypoxia during the early Holocene (8000-4000 cal yr BP). We show that hypoxia during the last two millennia has followed the general expansion and contraction trends in Europe and that human perturbation has been an important driver for hypoxia during that time. Hypoxia occurring during the Medieval Period coincides with a doubling of the population (from c. 4.6 to 9.5 million) in the Baltic Sea watershed, a massive reclamation of land in both established and marginal cultivated areas and significant increases in soil nutrient release. The role of climate forcing on hypoxia in the Baltic Sea has yet to be demonstrated convincingly, although it could have helped to sustain hypoxia through enhanced salt water inflows or through changes in hydrological inputs. In addition, cyanobacteria blooms are not natural features of the Baltic Sea as previously deduced, but are a consequence of enhanced phosphorus release from the seabed that occurs during hypoxia.
Introduction
Eutrophication and associated hypoxia, defined as <2 mg/l dissolved oxygen, have one of the largest impacts on the health of the Baltic Sea ecosystem (HELCOM, 2007) . The area covered by laminated sediments (indicative of hypoxia) in the Baltic Sea ( Fig. 1 ) is estimated to have increased about four times since 1960 (Jonsson et al., 1990) due to surplus loads of nutrients (nitrogen and phosphorus) from anthropogenic sources . Hypoxia alters nutrient biogeochemical cycles (Vahtera et al., 2007) , it causes large ecosystem disturbances and may be the single strongest factor affecting the biodiversity of the macrobenthic communities, disrupting benthic food webs in the Baltic basin (Karlson et al., 2002; Conley et al., 2009a) . Hypoxia results in a high internal load of phosphorus released from sediments, which causes low nitrogen/phosphorus (N/P) ratios in surface waters during summer; a factor that favors cyanobacterial blooms (Vahtera et al., 2007) .
There is currently considerable public concern over the rate of climate change and recent human impact on the Baltic Sea. However, notions that human activity could have influenced the Baltic Sea on longer time-scales (i.e. centennial and millennial) have not been systematically addressed. A common perception is one of a naturally eutrophic and enclosed sea, which has regularly experienced hypoxia and cyanobacteria blooms throughout its history (Bianchi et al., 2000) . Another different, but widely-held view is that the Baltic Sea was a pristine oligotrophic clear-water sea prior to the turn of the last century, i.e. 1900 AD (Österblom et al., 2007; Savchuk et al., 2008) . This latter view has become especially prevalent in discussions regarding the establishment of "reference" or "background" conditions that can be targeted in the future for management actions.
But how pristine was the pre-1900 Baltic Sea and how much variability did the basin experience while in a "natural" state? To what degree did early human impact alter Fig. 1 . Map of the Baltic Sea identifying its major sub-basins (Bothnian Bay, Bothnian Sea and Baltic Proper) and the major sill in the inlet area (Drogden Sill). The red lines designate the maximum hypoxic area that occurs in the Baltic Sea. Hypoxia is common in the deeper basins of the Baltic Proper where a permanent restricts the ventilation of the deeper waters and supports the development of persistent hypoxia (Conley et al., 2009a) . The low salinity waters of the Bothnian Sea and, in particular, the Bothnian Bay have weaker haloclines and better ventilation. In combination with a lower productivity this better ventilation makes these basins mostly oxic. Also, the Baltic Sea drainage area in light green, where 85 million people live today.
alterations compare to those caused by the more recent impact? To answer these questions requires knowledge of past climate and environmental variability, but also detailed understanding of long-term human impact upon terrestrial and aquatic ecosystems. Although it may be difficult to separate natural and human-induced changes of ecosystems, it is possible to critically examine and consider all supporting evidence.
Humans have always affected their environment, including substantial impacts on the movement and transport of elements, such as the essential nutrients C, P and N (Schlesinger, 2004) . The most significant impacts of humankind on nature have been deforestation (Kaplan et al., 2009 ) and expansion of agricultural land (Pongratz et al., 2008) starting already in pre-historic time. Paleoecologists, therefore, routinely describe and account for human impact over millennia to discriminate between the effects of climate change and human activity on the environment. Human forcing (via eutrophication) of aquatic ecosystems has been reconstructed by various paleoecological studies in the Baltic Sea drainage area (e.g. Renberg et al., 2001; Bradshaw et al., 2005) . Nevertheless, it is not often appreciated that significant human impact on the Baltic Sea watershed occurred almost two millennia ago. As a consequence, most previous palaeoenvironmental research has focused on ecosystem responses to climate forcing Bianchi et al., 2000; Leipe et al., 2008) , although a few studies have investigated anthropogenic influences during the last c. 100 years (Risberg, 1990; Andrén, 1999; Savage et al., 2010) . Thus, there is thus a need to assess the degree of human forcing on the Baltic Sea and the ecosystem functioning and resilience, on both historical and recent time-scales.
A recent review of hypoxia in the Baltic Sea has defined periods of hypoxia in the geological record during the majority of the Holocene (Zillén et al., 2008) . They suggested that there may a correlation between climate variability in the past and the state of the marine environment where periods of hypoxia coincided with intervals of warmer climate conditions, such as the Holocene Thermal Maximum (HTM c. 9000-5000 cal yr BP), the Medieval Warm Period (MWP c. 800-1200 AD) and the observed warming that occurred during most of the 20th century AD (Zillén et al., 2008) . However, the latter study also identified relationships between the occurrence of hypoxia and human population growth and large-scale changes in land use that occurred in much of the watershed during the early-Medieval expansion (700-1300 AD) and the Industrial Revolution (intensifying around 1850 AD). This conclusion implies that anthropogenic impacts may have been an important driving factor for hypoxia during the last two millennia (Zillén et al., 2008) .
In this paper, we will explore this hypothesis further and show that relatively recent hypoxia in the Baltic Sea is human induced and that cyanobacteria blooms are a consequence of enhanced phosphorus release that occurs together with hypoxia. We delineate the level of population growth, technological development and cultural landscape changes during the last two millennia and their implications for the presence of past hypoxia. This study challenges the hypothesis that the occurrence of hypoxia in the past was climate related. We will demonstrate the sensitively of this large enclosed sea to anthropogenic perturbations on centennial and millennial time-scales.
Occurrence of hypoxia in the Baltic Sea
The Baltic Sea has experienced large environmental changes since the onset of the last deglaciation of the Scandinavian ice-sheet around 17 000-15 000 cal yr BP (Björck, 1995) . These changes were caused by variations in climate, deglaciation processes and a complex interplay between global sea-level changes and regional land-uplift (for more detailed information see e.g. Björck, 1995 Björck, , 2008 . One of the largest environmental changes during the Holocene was the transformation of the basin from a freshwater lake (the Ancylus Lake c. 10 700-10 000 cal yr BP) to a full brackish estuarine circulation system, the Littorina Sea, around 8000 cal yr BP. During the first phase of the Littorina Sea (c. 8000-6000 cal yr BP) the opening of The Sound (or Drogden Sill) where salt water enters the Baltic Sea was about twice its size compared to today (Gustafsson and Westman, 2002) and the surface waters of the Baltic were more saline, i.e. 10-15, than the present 7-8 (Gustafsson and Westman, 2002; Berglund et al., 2005) . Not until c. 4000 cal yr BP did salinity began to decrease significantly, as the opening was reduced in size due to isostatically induced sea level changes (Gustafsson and Westman, 2002) . Throughout the late Holocene history of the Baltic Sea, i.e. the last c. 3000 yr, the main physical and oceanographic properties of the basin have remained relatively unchanged and similar to present marine conditions. Today, the Baltic Sea is an estuarine brackish water-body with limited water exchange with the adjacent Kattegat and its sub-basins. Its estuarine circulation retains nutrients and organic matter within the basin leading to high nutrient availability and eutrophication of waters, which makes the Baltic Sea ecosystem highly susceptible to hypoxia (Conley et al., 2009a) . The Baltic Sea ecosystem is sensitive to changes in both N and P inputs (Conley et al., 2009b) . High Navailability increases the spring blooms of phytoplankton (which is favored by a high N:P ratio) enhancing oxygen consumption in the bottom waters. During low bottom water oxygen conditions redox-sensitive phosphorus is released from the sediments, resulting in increased phosphate concentrations in the water column. This increase completes a positive feedback loop between P-availability, cyanobacteria blooms during summers (which is favored by a low N:P ratio) and increased hypoxia and it amplifies eutrophication (Conley et al., 2002) . The current release of phosphate from sediments is an order of magnitude larger than anthropogenic inputs (Conley et al., 2009a) .
The estuarine circulation also results in a north-south salinity gradient, a vertical density stratification of the water mass and the formation of a strong halocline between the salt-rich marine waters entering the system from Kattegat and the surplus freshwater from the watershed. The stratification prevented vertical mixing of the water column and limited the convection of more oxygen-rich waters to the bottom, especially in the deeper depressions (>200 m) with limited circulation (Conley et al., 2009a) . It has been demonstrated that short term trends in hypoxia during the modern era in the Baltic Sea are related to variations in salt water inflows from Kattegat, with less stratification and less hypoxia during "stagnation periods" (i.e. in the 1920/1930s, 1950/1960s and the 1980/1990s). During these "stagnation periods" the salt water inflows are reduced and the salinity of the Baltic Sea decreases by about 0.5 salinity units lower than the mean value (Meier and Kauker, 2003) .
During the Holocene, there have been three major periods of hypoxia in the deeper depressions of the Baltic Proper; during the early Littorina Sea (c. 8000-4000 cal yr BP) during the middle Late Littorina Sea (c. 2000-800 cal yr BP) and during the last c. 100 years (or since 1900 AD; Fig. 2 ) although an expansion of the hypoxic zone after 1950 has occurred. During the early Littorina Sea hypoxia in the Baltic Proper between 8000-4000 cal yr BP can be explained by the relative high salinity, which would result in a strong salinity stratification of the water column and limited ventilation of oxygen to deeper waters (Gustafsson and Westman, 2002) . It may be argued that natural environmental changes (i.e. changes in the morphology and depths of the Baltic basin and the sills) and not climate variability were the main triggers for millennial scale changes in hypoxia during the early Holocene. During this initial and more saline development of the Littorina Sea hypoxia was also present in the northern Baltic Sea (Bothnian Sea and Bothnian Bay; Zillén et al., 2008) where salinities of 7-8 (similar to the present Baltic Proper) have been reconstructed (Widerlund and Andersson, 2006) . The salinity gradually decreased throughout the Littorina Sea and the halocline in the northern Baltic Sea diminished, as well as, bottom water oxygen depletion.
Hypoxia in the Baltic Proper during the last 2 millennia does not show a relationship to any known changes in salinity (Fig. 2) . During this time, the surface salinity in the Baltic Proper probably ranged between 7-8, i.e. similar to the modern era (Gustafsson and Westman, 2002) . However, the periods of hypoxia correlate to population growth and large-scale changes in land use that occurred in the Baltic Sea watershed during the early-Medieval expansion between 800-1300 AD and the beginning of the Industrial Revolution at 1850 AD in northwestern Europe (Fig. 2) . In contrast, more oxic conditions in the Baltic Sea between c. 1300-1500 AD correspond to population declines and farm desertion in Europe that took place at the beginning of the late-Medieval crisis (Andersson Palm, 2001; Antonson, 2009 ). Furthermore, geological evidence identifies the Medieval Period as the interval of maximum sediment carbon sequestration, highest nitrogen accumulation and chlorophyll concentrations during the entire Littorina phase, indicating more productive conditions (Voss et al., 2001) . The oceanographic conditions during the Medieval Period cannot explain this productive phase and persistent hypoxia, and why it should differ (i.e. be more productive) from the period of oxygen deficency during the early Littorina Sea when temperatures and salinities were even higher as a response to the larger inlet area (Gustafsson and Westman, 2002) and the Holocene Thermal Maximum (Snowball et al., 2004) . Consequently, salinity and temperatures cannot explain hypoxia during the Medieval period. Therefore, the late Holocene record of hypoxia in the Baltic (Zillén et al., 2008) . The sediment records suggest that during the last c. 8000 cal yr BP hypoxia has occurred intermittently in the deeper sub-basins in the Baltic Proper. The hypoxia during the early Littorina Sea (8000-4000 cal yr BP) coincides with intervals of maximum salinity estimates and high TOC values. Hypoxia during the last two millennia does not correlate to any alterations in salinity but to maximum TOC contents during the Medieval Warm Period (MWP) and the last c. 100 years. (B) The figure shows the same sediment records as in (A), but compared to anthropogenic expansion and contraction phases. The coherency between the two latter records suggest that human impact is just a strong potential independent forcing mechanism on increased productivity and hypoxia as climate changes during the late Holocene history of the Baltic Sea. Note that due to the poor chronological control associated with Baltic Sea sediments the age error estimates of the periods of hypoxia the last 2000 years are approximately ± 500 years (Zillén et al., 2008) . The non-overlap between the period of hypoxia centered at c. 1000 AD and the intervals of climate/human impact changes may thus be due to dating errors.
Sea may not have a natural cause, but result from anthropogenic impacts (Zillén et al., 2008) .
Addressing human impact variability in the Baltic
Sea watershed during the last two millennia
Population dynamics
Quantitative pre-historic population data is sparse and often associated with relative large uncertainties. The source of population data in this study is the Atlas of World Population History by McEvedy and Jones (1978) which is largely acknowledged in recent literature (e.g. Pongratz et al., 2008) and stands out through its consistency and high spatial and temporal resolution. The population data show that Europe has experienced long-term demographic expansion and contraction during the last two millennia (Table 1 ; McEvedy and Jones, 1978) . Characteristic for this period is a phase of low population levels during the plague epidemics c. 300-500 AD, which was followed by a population increase and expansion during the early-Medieval, most prominent from 1000 to 1300 AD but starting already in the 7th century AD (Fig. 3) . For example, in Sweden and Denmark the number of villages at least doubled during the latter time interval (Lagerås, 2007) . Subsequently, this population expansion was followed by a significant contraction in the late 14th century (late-Medieval Fig. 3 . Estimates of the total population of some the Baltic Sea countries i.e. Denmark, Germany, Sweden and Poland since 1 AD (McEvedy and Jones, 1978) . Note the rapid increase between 700-1300 AD, followed by an equal prompt decrease in the early 14th century, in all of the countries. crisis) and a new period of growth in association with the beginning of the first Industrial Revolution from approximately 1700 AD (Table 1) . In post 1700 AD-time, the most rapid population increase took place after the start of the second Industrial Revolution around 1850 AD, when technological and economic progress gained momentum with the development of steam-powered ships and railways.
In the majority of the countries in the Baltic Sea region, the early-Medieval time included a doubling of population over a period of less than c. 300 yr (Fig. 3) . This rapid increase in population is believed to be a result of the Medieval economic expansion and growth in agricultural production (Myrdal, 1997 and Sect. 3.2) .
The period of stagnation and population decline that followed the early-Medieval expansion in the late 14th and early 15th centuries was mainly due to the loss of life during famines and the Black Death. In AD 1400 the population of Europe was less than 25% below its early-Medieval peak. In many countries the decline was even more catastrophic (Fig. 3) . Data from Sweden suggests that the population decreased from 1 100 000 to 347 000 (c. 68%) between 1300 AD and 1413 AD (Andersson Palm, 2001 ). In Germany, the population decline reached around 55% in some regions (Simms, 1976 ). This period is also known as the late-Medieval agricultural crisis and was characterized by decreased total agricultural production and abandonment of farms (Simms, 1976; Lagerås, 2007; Antonson, 2009) . A compilation of field surveys and studies of historical maps alongside conventional written sources suggests a rate of farm desertion in Sweden around 57-58% (Antonson, 2009) . It was shown that the late-Medieval desertion was not only high in marginal agricultural areas, but also in more fertile areas with a long history of settlement continuity (Simms, 1976) . In addition, population development (increase or decrease) has served as a main driver for agricultural expansion and contraction during the last two millennia and has had an impact on all levels of society (Lagerås, 2007) . However, the population rise during the Medieval expansion would not have been possible without the Medieval agricultural revolution, in which new agricultural tools, implements and techniques were introduced.
Technological development
Technological developments have had major impacts on agriculture during the last two millennia. One of the largest impacts on agricultural soils is plowing (Dawson and Smith, 2007) . Plow tillage loosens the soil, buries crop residues and exposes the soil to rainfall and winds that result in erosion. Water runoff removes topsoils, nutrients (P and N) and soil organic carbon (C) derived from manure and fertilizers, and transports them to water bodies, such as rivers and streams, and finally into coastal zones (Whitmore et al., 1992; Dawson and Smith, 2007; Ulén et al., 2007) . Accelerated erosion is one of the major causes of agriculture soil degradation and eutrophication of water bodies. It often results in irreversible impacts on the cycles of soil C, P and N and aquatic ecosystem health (Dawson and Smith, 2007; Ulén et al., 2007) .
The first plow (the ard) was made of wood, and was a simple digging stick or a paddle-shaped spade that could be pulled by humans or animals. The greater availability of iron allowed for stronger, sharper and more efficient implements to be used. The ard evolved into the "Roman plow" around 1 AD with an iron share and was widely used in Europe about 500 AD (Lal et al., 2007) . The Roman plow subsequently developed into a soil-inverting plow (or moldboard) around 800-1000 AD (Lal et al., 2007) and was widely used on fertile plains while the more stony upland areas in e.g. Sweden were managed with iron spades and ards all the way up to the beginning of the 20th century (Lagerås, 2007) . The largest change to the moldboard plow was that the soil could ride up the moldboard and be inverted (similar to the modern moldboard plows). This change made the soil more exposed to rain and wind erosion. With the introduction of the soilinverted moldboard plow, accelerated erosion and agriculture soil degradation progressed (Lal et al., 2007) . The majority of the carbon in the global terrestrial pool is stored in soils (Dawson and Smith, 2007) . Arable soils contain less organic carbon than, for example, grasslands (Smith et al., 1996; Freibauer et al., 2004; Dawson and Smith, 2007) . Long-term experiments show that converting grassland to arable agriculture can result in a 20-50% loss of soil organic C over an initial period of 15-20 yr (Whitmore et al., 1992; Smith et al., 1996) . In addition, plowing permanent grassland can lead to increases in organic nitrogen leaching of c. 4 t N ha −1 over 20 years, 50% of it in the first 5.5 years ( Fig. 4; Whitmore et al., 1992) . The organic nitrogen lost through plowing is mineralized to inorganic nitrogen, which may be denitrified or leached as bioavailable nitrate (NO − 3 ). Nitrate leaching commonly represents the single greatest loss of nitrogen from soil systems (Cameron and Haynes, 1986) . For example, Whitmore et al. (1992) showed that the mineralization of organic nitrogen from plowing grasslands released a substantial amount of nitrate (25 billion kg) between 1940 and 1990 in England and Wales increasing the concentration of nitrate in drainage waters by more than 40 mg NO − 3 /l. Phosphorous release also increases with plowing, given that the soil content of organic P is primarily a function of its organic carbon content (Ulén et al., 2007) . P is also more likely to be carried from the soil on colloidal or particulate matter rather than in solution (particulate P can amount to about 80% of the total P losses) and the greatest losses of particulate P from the soil occurs by surface run-off and erosion (Feller, 2009) .
It should be recognized that forestry and deforestation also causes losses of soil organic C, N and P (Likens and Bormann, 1995) . The magnitude of soil organic carbon depletion may be 25 to 50% in temperate climates during the first 5 to 20 years following deforestation (Lal, 2004) . Significantly enhanced increases in both dissolved and particulate fluxes occur through deforestation with disruption of the cycle of uptake and retention in forests and the mechanisms are multifold (Feller, 2009 ). Due to less vegetation cover after forest clearance surface runoff may increase. The increase in runoff may, in combination with soil disturbance, induce erosion and increase sediment transport into surface waters. Clearcutting, which is common in Scandinavia, greatly increases the rates of leaching (Löfgren et al., 2009) .
Land-use changes during the Medieval expansion (clearance of grassland and forest etc.; Kaplan et al., 2009 ) and the Industrial Revolution in Europe (tiling and rapid expanded forest industry etc.) are known to have increased the rate of total phosphorus (TP) loading to aquatic ecosystems in Europe changing the nutrient status of lakes (Renberg et al., 2001; Bradshaw et al., 2005) . The latter study shows that diatom-inferred TP levels increased about 5 times (from c. 20 µg/l to consistently > 100 µg/l) associated with major changes in agriculture during the Medieval period in Lake Dallund SØ, Denmark (Bradshaw et al., 2005) . For comparison, the annual mean TP value in that lake was 65.9 µg/l in 1998 (Bradshaw et al., 2005) . A similar study of Lake Mälaren (the third largest lake in Sweden, which drains into the Baltic Sea via the Stockholm archipelago) suggests moderately nutrient rich conditions, i.e. 10-20 µg/l TP, 
Land use changes
The change from a one-field agrarian system to a two-field system, with fallow every second year, was gradually introduced to large areas in Sweden around 1000 AD (Myrdal, 1997) . The first soil-inverting moldboard plow facilitated the introduction of this system with regular fallow. A similar connection between a change of cropping system and change of plowing implement is also valid for Denmark (Poulsen, 1997) and Germany (Simms, 1976) and most probably for the vast majority of the Baltic countries. Regular fallows meant that large areas lacked a permanent vegetation cover during long time-periods (i.e. no catch crops) leading to increased soil erosion and less nutrient uptake by plants (Myrdal, 1997) . A regular fallow also had to be combined with a massive reclamation of land. The transition to a twofield system meant that, if the sown area was not to be reduced, then the extent of arable land had to be doubled, e.g. a 1 ha field in the old one-field system would require a 2 ha field in the new system. The introduction of the two-field system thus occurred contemporaneously with an expansion of the cultivated area. A doubling of the arable land during the Medieval expansion has been reported from palaeoecologcal studies in e.g. southern Sweden (Berglund et al., 1991) . Similar estimates have been proposed from studies based on Years AD Fig. 5 . Indicators of land-use expansion and regression during the last 2000 years in Southern Sweden (Lagerås, 2006) . The figure shows distinctive expansions during the early-Medieval period between 700-1300 AD and between 1500-1900 AD (which overlaps with the Industrial Revolution). The late Medieval crisis (1300-1500 AD) is characterized by a marked land-use regression phase.
population data e.g. Pongratz et al. (2008) showed that the area with cropland more than doubled in Europe between 800-1300 AD (from c. 20 million ha to c. 50 million ha).
To meet the demand for more arable land for cultivation, the clearance of forests and grasslands became a general practice (Berglund et al., 1991; Myrdal, 1997; Lagerås, 2007; Fig. 5 ). Clearance was common in both established and marginal agricultural areas in Northwest Europe. Archaeological and historical data indicate that remote parts in the eastern Baltic region were in a period of general demographic and economic expansion around 800-1300 AD (Taavitsainen et al., 1998; Stanèikaite et al., 2009 ). There is evidence of intensive human impact starting around AD 900 in northwestern Lithuania, eastern Baltic region (Stanèikaite et al., 2009 ). The most prominent early agricultural activity has been dated to c. 1050-1250 AD, when forested areas were converted into cultivated fields and settled agriculture developed (Stanèikaite et al., 2009 ). Furthermore, palaeoecological studies from the remote eastern interior of Finland reveal an exponential rise in cereal pollen concentrations at the turn of the last millennia, indicating significant increase of arable land during the early Medieval expansion (Taavitsainen et al., 1998) . Expansion of arable land in remote regions likely developed in a wide area of the northern boreal forests (Taavitsainen et al., 1998) .
During the population expansion at the beginning of the Industrial Revolution (in the 18th and 19th century) the area of arable land in Sweden increased with c. 60%. The greatest area of arable land in Sweden occurred in 1920 AD, i.e. 3.8 million ha (Morell, 2001 ) when the Swedish population reached c. 6 million (c. 0.6 ha per person) followed by a large decline after 1960 AD in association with the L. Zillén and D. J. Conley: Hypoxia and cyanobacteria blooms of the Baltic Sea introduction of synthetic fertilizers (Morell, 2001) . In Europe, the pre-industrial (pre-1700 AD) estimate average c. 0.63 ha agricultural land (cropland) per person (Pongratz et al., 2008) . By assuming that agricultural area is inherently linked to population, the historic estimate of c. 0.6 ha arable land per person would scale up to about 2.8 million ha arable land in the Baltic Sea drainage area around 1000 AD (i.e. 4.6 million inhabitants × 0.6 ha) and 5.7 million ha around 1300 AD with the expected Medieval population increase (9.5 million inhabitants × 0.6 ha).
Previous studies have shown nutrient losses to occur with plowing with up to 4 tonnes organic N ha −1 released after plowing permanent grassland (Fig. 4) . If one applies this estimate to the estimated increase in arable land in the Baltic Sea area during the Medieval expansion (c. 2.9 million ha) it would generate 11.6 million tonnes of organic nitrogen release just from plowing. For comparison, average annual Ninputs to the Baltic Sea over the period 1997-2003 amounted 737 000 tonnes. We do not know how rapid these N-losses may have occurred, which means that we do not know the rate of change, or the availability of N. However, the result demonstrates that the nutrient release from plowing must have been significant during the Medieval expansion. One has also to account for supplementary significant soil organic C and P-discharges during plowing, C, N, P-release from deforestation when reclaiming new land and from continuous annual manure of the fields to improve harvest. The presented number (i.e. 11.6 million tonnes of organic N) is only a minimum estimate of one, out of many, potential anthropogenic nutrient sources. We therefore suggest that a rapid release of nutrients from land during the Medieval expansion triggered hypoxia in the Baltic Sea -and once established -it increased the internal P-load and blooms of cyanobacteria. Hypoxia during the Medieval time period could thus be an ancient analogue to the modern situation, where rapid increases in nutrient loads has resulted in widespread bottom water oxygen deficiency.
It can, however, be expected that during pre-historical and historical times, watersheds and streams were not extensively drained as at present with in-stream water residence time and nutrient retention rates probably greater. Nutrient retention in aquatic systems varies primarily with the physical properties of the water body, i.e. the size of the water body, and on flow conditions. Nitrogen removal by denitrification and settling decreases in deeper channels, where contact of stream water with bottom sediments is reduced. In-stream nutrient retention is higher in shallower channels and in streams with a long water residence time. Modeling studies of a modern watershed in Finland, with 60% covered by forest and several natural lakes that drain into the Baltic Sea, obtained an estimated retention of 24% for total N and 51% for total P (Grizzetti et al., 2003) . Consequently, parts of the soil nutrient losses presented here would be retained in the watershed and not reach the sea. Unfortunately, the lack of published data on pre-historical and historical water residence times in the Baltic Sea watershed makes it difficult to estimate past nutrient retention rates. An accurate understanding and model representation of past nutrient transport and retention processes are needed to quantify historical nutrient loads from the catchment to the Baltic Sea.
The next great agrarian revolution was during the Industrial Revolution starting around 1850 AD in northwestern Europe. Again, the European population increased rapidly (about 6 times between 1700-2005 AD; Table 1 ) and technological advances in agriculture and forestry exploded, in which the use of P-rich fertilizers was an important part. For a second time, the arable area in Europe more than doubled over a time period of c. 200 yr (i.e. between c. 1700-1920 AD; Pongratz et al., 2008) . Another important cause was tiling, which provided a pathway by which water on the fields was rapidly drained away and discharged into nearby waters. It has been demonstrated that in Swedish catchment areas with tile-drained fields, particulate P can amount 80% of the total P in downstream waters, with about half of the fraction becoming bio-available (Olli et al., 2009 ). The use of steel moldboard plows expanded rapidly with the introduction of the steam tractor during the first half of the 20th century (Lal et al., 2007) . Agricultural production increased and in the 19th century and the forest industry rapidly expanded, especially in Sweden and Finland. Between c. 1830 AD and 1880 Swedish and Finnish export of wood increased about 3-4 times (Larsson and Olsson, 1992) . The forests were heavily exploited and numerous saw mills were built along the main rivers in Fennoscandia (Schybergson, 1974 ). Significant changes in diatom assemblages attributed to eutrophication dated to c. 1850-1900 AD have been observed in e.g. the southern Baltic Sea (Andrén et al., 1999) . Numerous studies have demonstrated increased nutrient runoff and increased primary production in estuaries and coastal marine environments elsewhere during periods of population growth and increases in arable land area (Billen and Garnier, 1997; Boynton et al., 1995; Cooper and Brush, 1993; Nixon, 1997; Turner and Rabalais, 2003) .
The onset of the modern agricultural revolution with the introduction of synthetic fertilizer (rich in both P and N) occurred in the 1940's accelerating in the 1950's. The intense use of synthetic fertilizer is the direct cause for the increased nutrient load to the Baltic Sea over the last c. five decades, with the consequent of amplified eutrophication, expanded the hypoxic zone (c. 4 times since 1960; Jonsson et al., 1990) and increased the blooms of cyanobacteria.
Reconstruction of past nutrient loads to the Baltic Sea due the expansion of the human population and the development of agriculture is sorely needed. By combining estimates of population growth with a reconstruction of global agricultural areas and land-cover (Pongratz et al., 2008; Gaillard et al., 2010) , estimates of nutrient leakage from the Baltic Sea watershed could be calculated and would allow us to approximate the historical changes in nutrient loads.
Cyanobacteria abundance in the Baltic Sea
Blooms of cyanobacteia comprised of Aphanizomenon spp. and the N 2 -fixing cyanobacteria Nodularia spumigena are recurrent phenomena in the Baltic Sea during summer. The areal extent, duration and intensity of cyanobacteria differ greatly from year to year, especially for N. spumigena which form prominent surface accumulations (Kahru et al., 2007) . A historical compilation of water column records since 1887 shows that the abundance of cyanobacteria was low prior to World War II (Finni et al., 2001) . However, since the 1960s, blooms of cyanobacteria have been common in the open sea in both the Baltic Proper and the Gulf of Finland (Finni et al., 2001) .
The fossil pigment record in sediments provides insight into the long-term historical changes that have occurred in the Baltic Sea beyond the modern time period with water column phytoplankton records. Rapid increases in zeaxanthin, a particularly stable biomarker for cyanobacteria, occurred during the transition from the Ancylus Lake to a brackish marine system during the Littorina (Bianchi et al., 2000; Westman et al., 2003) . Excess P released during the transition from a freshwater to a marine system probably caused wide-spread cyanobacteria blooms (Bianchi et al., 2000) . The presence of low levels of zeaxanthin throughout their piston core suggested that cyanobacteria had been present throughout the geological history (Bianchi et al., 2000) , although the upper modern period was likely lost during core sampling. The presence of zeaxanthin was interpreted that N-fixing cyanobacteria were a characteristic, natural feature of the Baltic Sea. Poutanen and Nikkilä (2001) used myxoxanthin and echinenone, also cyanobacteria specific pigments, in addition to zeaxanthin to examine historical trends in cyanobacteria abundance in three sediment cores. They showed that the occurrence and intensity of cyanobacteria blooms were seldom recorded before World War II (Poutanen and Nikkilä, 2001 ) similar to the finding in the water column records (Finni et al., 2001) .
Cyanobacteria are common during summer in the Baltic Sea today due to excess dissolved inorganic phosphorus (DIP) left over after the spring bloom of phytoplankton depletes available dissolved inorganic nitrogen (Vahtera et al., 2007) . The frequency of accumulation of cyanobacteria blooms has been positively correlated with the residual phosphate concentration after the spring bloom in May-June (Kahru et al., 2007) . In a historical perspective, cyanobacteria blooms should be prevalent during periods of hypoxia due to the release of DIP from sediments and higher water column DIP concentrations (Conley et al., 2002) . Certainly, during periods of historical hypoxia described above (Zillén et al., 2008 ) the sediment release of DIP was higher and one could hypothesize that cyanobacteria blooms were present.
One important question is: were DIP concentrations high enough during periods when the Baltic was oxic to create conditions favorable for cyanobacteria; as suggested by Bianchi et al. (2000) ? Given that there are no large-scale geological phosphorus deposits in the watershed, and that there is abundant iron in the northern Baltic Sea that has the ability to sequester phosphorus in sediments when the water column is oxic, there is no evidence to suggest that DIP concentrations would have been be high enough to create conditions favorable for cyanobacteria. We, therefore, hypothesize that cyanobacteria blooms were present primarily during periods of hypoxia and, therefore, they are not a natural feature of the Baltic Sea. This could be tested by examining sediment pigments during periods of hypoxia and when bottom water oxygen is present, although enhanced preservation of pigments during hypoxic periods will interfere with the interpretation.
Discussion

Human impact and climate change
This is the first study to focus on long-term trends in human activities and their relation to Baltic Sea ecosystem responses. The changes in population growth, technological development and land-use changes during the last two millennia can be linked to observed shifts in oxygen conditions in the bottom waters of the Baltic Proper (Fig. 2) . The view that the Baltic Sea is a basin relatively unaffected by human perturbations prior to the last century and that the Baltic naturally has experienced prolonged hypoxia throughout its history is not supported by the data we have reviewed. The large mobility of nutrients (C, N and P) in association with changes in land-use and agricultural practices that had such substantial impacts on the nutrient status of lakes (Renberg et al., 2001; Bradshaw et al., 2005) must have affected the Baltic Sea and shifted it beyond a pristine state. Therefore, hypoxia in the Baltic Sea on pre-historical and historical time-scales cannot be considered to be fully natural.
The increase in salinity during the change from the Ancylus Lake to the Littorina Sea c. 8000 cal yr BP allowed for the sediment release of P creating favorable conditions for cyanobacterial blooms (Bianchi et al., 2000; Westman et al., 2003) . The high salinity during the next 4000 years allowed for enhanced stratification, a shallowing of the halocline and sustained hypoxia (Zillén et al., 2008) . The internal P-cycling plays a key role in the nutrient status of the basin (Conley et al., 2002; Mort et al., 2010) . During oxic bottom water conditions, Fe-oxide bound P in surface sediments in the Baltic Sea acts as a major internal sink of P (e.g. Mort et al., 2010) . The geological records show that during the early and more saline phase of the Littorina Sea, the hypoxic zone extended to the northern Baltic Sea (Zillén et al., 2008) which today is mostly oxic and acts as a major sink for P. Consequently, the area acting as an internal sink for P was much smaller at that time, compared to today, leading to a decreased internal P-sink on a basin-wide scale. The physical properties and the geochemical cycling during this early phase of the basins development were therefore significantly different from the late Holocene and the present situation. The subsequent changes in the morphology and depths of the Baltic basin around 4000 cal yr BP, especially the sills in the Danish Straits, reduced salinity (Gustafsson and Westman, 2002) diminished the halocline in the northern Baltic Sea, enhanced ventilation of bottom waters and enlarged the internal sink of P and terminating hypoxia. Therefore, the main driver for millennial scale changes in hypoxia during the early Holocene was natural.
Temperature has often been suggested as the key factor that triggers the formation of cyanobacteria blooms (Pearl and Huisman, 2008) . Hypoxic periods during the late Holocene do overlap with climate anomalies, such as, the MWP (800-1200 AD; Lamb, 1965) when Northern Hemisphere annual mean temperatures were maximum c. 0.2-0.4 • warmer than today (or relative to the time period 1850-1995; Mann et al., 2008) and with the warming trend of most of the 20th century (Mann et al., 2008) . However, the global distribution of hypoxia shows no relationship to temperatures but matches well the level of human influence (Diaz and Rosenberg, 2008) . Temperature has also no proven effect on the oxygen conditions in the Baltic Sea and the relationship between primary production and climate change is not linear (Richardson and Schoeman, 2004) . The link between phytoplankton abundance and sea surface temperature is only indirectly coupled to temperature. The same is true for the formation of cyanobacteria blooms in the Baltic Sea. The blooms only occur in warmer years when the vertical mixing depth of the water column does not exceed the critical depth (i.e. the depth below which cyanobacteria are unable to photosynthesize), which occurs during summer months when thermal stratification is present (Stal et al., 2003) . The temperature effect is therefore only a contributory factor, since it causes a stabilization of the water column and decreasing the mixing depth, thereby increasing the light irradiance needed for the growth of cyanobacteria (Stal et al., 2003) .
There is evidence that the MWP was markedly dryer than the following LIA in Europe. Dry conditions during the MWP are supported by European dendroclimate precipitation reconstructions (Helama et al., 2009 ) and tree-line and lake-level reconstructions in the Kola Peninsula, Russia (Kremenetski et al., 2004) where submerged tree-stumps of medieval age indicate severe drought with low lake-levels during this time period followed by wetter conditions. Increased storminess with frequent passages of cyclones during the LIA has been reconstructed from sand-drift studies in a variety of places in North West Europe (de Jong et al., 2006; Aagaard et al., 2007; Clarke and Rendell, 2009 ) suggesting a change to a windier and wetter climate regime during the LIA climate anomaly. We know from observations (Meier and Kauker, 2003) and modeling exercises (Meier, 2005) that the lower salinities and improved oxygen conditions during the stagnation periods in the 1920/1930s and particularly in the 1980/1990s can be explained by larger than normal freshwater inputs and reduced saltwater inflows. However, on longer time-scales (>30 years) changes in freshwater and saltwater inflows cause the system to shift into a new steady state, in which the depth of the halocline and the stratification does not change significantly (Meier, 2005) . It has been shown that the major physical factor affecting the stratification, the age and thus the ventilation of the Baltic Sea deep water on long time scales is not changes in freshwater/saltwater inflows but changes in wind speed (Meier, 2005) . It can thus be hypothesized that increased storminess during the LIA could have increased the energy flux from winds, enhancing vertical mixing and deep water ventilation, ultimately leading to decreased hypoxic area in the Baltic Sea.
However, the nature of the MWP and LIA in Europe is still debated. Another view argues that there was a persistent positive NAO (North Atlantic Oscillation) during the MWP and a shift to weaker NAO conditions during the LIA in Europe, based on tree-ring drought reconstructions from Morocco and speleotherm-based precipitation proxy for Scotland (Trouet et al., 2009) . Such conditions would, according to the above discussion, counteract the development of hypoxia during the MWP. In addition, the ecological response to NAO has been reviewed and several correlations between climate and ecological changes have been observed, although the mechanisms behind them are not understood (e.g. Ottersen et al. 2001) . Along the Swedish west coast a strong correlation between phytoplankton biomass and NAO has been found, possibly caused by an increased stratification in Skagerrak (Belgrano et al., 1999) . In the North Sea there has been an increase in phytoplankton season length and abundance since the mid 1980's, which is interpreted as a response to climatic forcing (Reid et al., 1998) . Although NAO is well known to influence climate conditions in the Baltic Sea during the last c. 100 yr, no direct links between NAO, hypoxia and inflow of salt water have been firmly established.
It is noteworthy that the Baltic Sea stayed fully oxic for two thousand years before hypoxia developed during the Medieval period (Zillén et al., 2008) even though large climate variability occurred during that time period e.g. the Roman Warm Period (200 BC-400 AD) and the cold Dark Ages (400-600 AD). We therefore argue that, large scale land-use changes in the Baltic Sea watershed are just a strong potential independent forcing mechanism on increased productivity and hypoxia as climate changes during the late Holocene history of the Baltic Sea. However, long-term Baltic Sea ecosystem responses are probably due to multiple stressors and complex interplays between various terrestrial and marine processes, where both climate and human impacts may have interacted. Further studies are needed to identify and quantify hypoxia related processes to determine the relative importance of the two driving mechanisms, where long-term human impacts upon terrestrial and aquatic ecosystems must be included. Combined studies that use regional models of past anthropogenic land-cover change (Gaillard et al., 2010) and large-scale hydrological models of past land-sea nutrient inputs and fluxes should play an important role in this context.
Management implications
Large-scale changes in basin morphology, salinity and temperature, as during the early phase of the Littorina Sea, have not been observed in the Baltic Sea since. It is not relevant to today's discussion regarding the causes of hypoxia today in the Baltic to compare hypoxia that occurred 8000-4000 cal yr BP when environmental and morphological conditions were completely different.
We can conclude that blooms of nitrogen-fixing cyanobacteria during the late Holocene are not a natural feature of the Baltic Sea as claimed by Bianchi et al. (2000) . Blooms of cyanobacteria are more likely connected to hypoxia due to the release of phosphorus from bottom sediments (Kahru et al., 2000 (Kahru et al., , 2007 Vahtera et al., 2007) . In addition, given the large scale changes in land use and the development of agriculture and population growth over the last two millennia it is doubtful that the Baltic Sea could have been an oligotrophic clear water sea ca. 1900 AD (Österblom et al., 2007; Savchuk et al., 2008) . It is more likely that the Baltic Sea has become progressively eutrophic over the last two millennia with rapid ecosystem changes occurring in the ecosystem since the 1950s due to rapid increases in nutrient loading (Poutanen and Nikkilä, 2001; Österblom et al., 2007) .
It follows that a goal for the restoration of the Baltic Sea must be to reduce the intensity and size of hypoxia in bottom waters. The present agreed-upon goal in the Baltic Sea Action Plan for nutrient reductions (HELCOM, 2007 ) cannot be expected to eliminate hypoxia and cyanobacteria blooms, but only to reduce their size . Thus, the goal of restoration is not to return the ecosystem back to natural conditions, but to ensure that the dynamics of natural ecosystem processes are again operating efficiently so that both ecosystem structure and function can be recovered (National Research Council, 1992) .
